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Modulation in Proteolytic Activity Is Identified
as a Hallmark of Exogen by Transcriptional
Profiling of Hair Follicles
Claire A. Higgins1, Gillian E. Westgate2 and Colin A.B. Jahoda1
Exogen is the process by which the hair follicle actively sheds its club fiber from the follicle. However, little is
known about signals that govern the cellular mechanisms of shedding. Here, we have identified factors that
are important in regulating either the retention or release of the hair club fiber from its epithelial silo within the
follicle. Using the vibrissa follicle as our model, we isolated follicle segments containing club fibers and
surrounding follicle tissue at different time points before their natural release from the hair follicle. We then
performed microarray analysis to identify key molecular changes as the club fiber approached final release.
Among the different classes of genes that were identified, we found changes in the expression pattern of
protease inhibitors and proteases, suggesting that proteolysis may mediate fiber release, either through
terminal differentiation or proteolytic cleavage. We validated transcriptional changes using reverse transcrip-
tion-PCR, and further immunofluorescence analysis indicated that protease inhibitors surrounding the club
fiber may have an important role in regulating the process of club fiber shedding. Our findings also highlighted
that molecular differentiation of the innermost layer of cells immediately surrounding the club fiber, the
companionCL, is likely to be important in hair shedding.
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INTRODUCTION
It is well documented that hair follicles undergo cyclic
periods of growth, regression, and rest, termed anagen,
catagen, and telogen (Dry, 1926; Chase, 1954; Kligman,
1959). More recently, a new phase of the hair cycle was
described, and given the term ‘‘exogen’’ in accord with
current hair cycle terminology (Stenn et al., 1998; Milner
et al., 2002; Stenn, 2005). Exogen is the phase of the hair
cycle describing the shedding of the club fiber from its
epithelial silo within the follicle. This term incorporates not
only the mechanical shedding of the fiber, but also any initial
signalling events or cellular activities around the club that
precede and contribute to club fiber shedding (Stenn et al.,
1998; Stenn, 2005; Higgins et al., 2009b). Thus, exogen
represents the period from when a club hair reaches its
terminal position in the follicle to when it finally detaches.
Although an essential part of the hair cycle, our under-
standing of the molecular events that underpin exogen are very
limited. During the transition from anagen to catagen, mitotic
activity within the hair matrix ceases, and the hair root becomes
keratinized forming the club fiber. The trichilemmal keratin
layer of the club fiber, described as ‘‘fused’’ with the club fiber
by Pinkus et al. (1981), is formed during catagen. This forms the
many-pronged rootlets of the club fiber, which extend out into
the outer root sheath (ORS) surrounding the club fiber, holding
it in place until its natural release. This innermost layer of ORS
that surrounds the club fiber, contacting the trichilemmal
keratin, is distinct from the remaining ORS, and we have
previously referred to this layer as the companionCL (companion
layer of the club), in order to enable contrast from the remainder
of the ORS silo that surrounds the club (Higgins et al., 2009b).
It has been shown in several follicle types that there are
differences in the retention strengths of club fibers in their silos,
as some hairs are removed cleanly when plucked, whereas
others are removed with an epithelial sheath still attached,
indicating an active anchorage within the follicle (Kligman,
1961; Milner et al., 2002; Van Neste et al., 2007). The
desmoglein 3 null mouse is of particular interest as it exhibits
cyclical hair loss corresponding with the onset of telogen when
the club fiber is formed (Koch et al., 1998). Here, desmosomes
between the companionCL and the basal ORS are split, resulting
in ineffective club fiber mooring. The resultant club that is shed
is unusual as it has its companionCL attached, suggesting an
important role for desmosomes in club fiber adhesion.
In vibrissa follicles, club fiber shedding can be reliably
predicted by comparing the relative lengths of the growing
and club fibers on the mystacial pad (Dry, 1926; Ibrahim and
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Wright, 1975), making these follicles ideal for studying
exogen. When we plucked vibrissa follicle club fibers at
different time points during exogen (prior to shedding), we
observed a progressive decrease in the strength of attachment
between clubs and adherent ORS as they approached release
(Higgins et al., 2009a). This prompted us to introduce the
terms early exogen (referring to an actively retained club
fiber) and late exogen (referring to a club fiber within the
follicle but ready to be shed), in order to allow clear
distinction between the different anchorage states of exogen
club fibers and to provide a framework for molecular studies.
Although exogen encompasses the shedding of the hair
club fiber, and any other signals and processes preceding this,
currently there is little information as to local cues that
initiate shedding. Here, we used the rat vibrissa model to
compare club fibers in early and late exogen, and performed
microarray analysis to identify candidate genes that may
have a role in club fiber formation, retention, or release.
We identified a dynamic expression profile of proteases and
protease inhibitors, leading us to speculate that club fiber
release is mediated by proteolysis.
RESULTS
Transcriptional profiling of early and late exogen
To identify transcriptional profiles of early and late exogen,
we used microdissection techniques coupled with microarray
analysis of early and late exogen vibrissa samples (see
Materials and Methods; Figure 1a). Microarray analysis was
performed with three replicates of each exogen time point.
We used two commercially available software packages,
Genetraffic and GeneSpring, to normalize and analyze our
data, and these generated comparable results. We fixed early
exogen as the baseline against which to compare late exogen
samples, and found thatB41% of genes were downregulated
in expression, whereas 59% increased in expression in late
exogen. Observed changes were similar across all biological
replicates (Figure 1b). For further analysis, we focused on the
Genetraffic gene list, in which 232 probe sets (Supplementary
Table S1 online) corresponding to 153 unique genes were
identified as significantly and differentially expressed be-
tween early and late exogen. This shows that a distinct
signature is associated with exogen progression. We selected
a small cohort of genes and validated the direction of
their differential expression using reverse transcription-PCR
(RT-PCR) (Figure 1c). In addition, the transcripts previously
reported as being expressed specifically in the region of the
follicle that we had used for our analysis were found to be
differentially expressed on our array. These include the
transcripts for Prolactin Receptor, Inhibitor of Differentiation
3, Prostaglandin-endoperoxide synthase 2, and Cysteine-rich
protein 1 (Foitzik et al., 2003; Muller-Decker et al., 2003;
Gordon et al., 2004; O’Shaughnessy et al., 2004).
Microdissection of early and
late exogen club fibers and
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Figure 1. Transcriptional analysis. (a) Schematic showing experimental outline. (b) A heat map of the genes identified as differentially expressed between
early and late exogen indicates conservation of changes across sample replicates. Early exogen (EE1, EE2, EE3) was set as the baseline and late exogen (LE1, LE2,
LE3) samples were either upregulated (red) or downregulated (blue) in comparison. (c) Semi-quantitative PCR was used to verify directional fold changes
identified as significantly and differentially expressed between early (EE) and late exogen (LE) and are highly representative of the microarray outcome.
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Categorization of exogen by Gene Ontology
We concentrated on grouping genes into their respective
categories based on their Gene Ontology (GO). We obtained
GO terms for every transcript from the GO consortium and
used WEGO (Web Gene Ontology Annotation Plot) to
categorize these GO terms by hierarchy, into parent and
daughter terms. GO terms at different hierarchical levels were
then plotted to determine the profile of the different sample
populations (Figure 2a). To find significant changes, we used
Babelomics 4, a web-based gene expression and functional
analysis profiling suite, in particular FatiGO (Al-Shahrour
et al, 2004), to compare our exogen signature against the
entire rat genome and sort for GO terms enriched within our
population. The application of a Fischer’s exact test to
exclude false positives enables the identification of GO terms
that are significantly enriched comparative to the entire
genome.
Peptidase inhibition is a molecular function of exogen
Using FatiGO, we identified 13 molecular function GO terms
that were significantly enriched, with these falling under four
parent GO terms: molecular transducer, catalytic activity,
binding, and enzyme regulator activity (Figure 2b). One that
stood out was the molecular function ‘‘enzyme regulator
activity’’ (GO:0030234), with daughter terms ‘‘enzyme
inhibitor activity’’ (GO:0004857) and ‘‘peptidase inhibitor
activity’’ (GO:0030414) that were both significantly over-
represented, with respective P-values of 0.035 and 0.048.
In the cellular component GO category, ‘‘Proteinacious
extracellular matrix’’ (GO:0005578) was one of eight terms
significantly overrepresented within our gene list, with a
P-value of 0.002. We decided to investigate the genes that
were involved in proteolysis and proteolysis inhibition in more
detail. Globally, we found a dynamic changing signature of
proteases and protease inhibitors correlating with the progres-
sion through exogen. Crucially, from the array data, we
observed a trend whereby protease gene expression increased
as club fibers neared release (late exogen). Conversely,
protease inhibitor gene expression generally decreased with
progression through exogen (Figure 2c).
Taking early exogen as a baseline, six protease inhibitors
(Table 1) were identified as differentially expressed between
exogen sample populations, with the last four confirmed by
RT-PCR as being downregulated in late exogen in accor-
dance with the microarray results (Figure 2d). The group of
proteases identified was composed of seven genes (Table 1).
From the array data, all except Matrix Metalloprotease 12
were upregulated in late exogen compared with the early
exogen baseline. However, when we used RT-PCR to verify
the observed direction of transcriptional changes, all were
upregulated in late exogen (Figure 2d).
To probe more deeply into exogen dynamics, we used
immunofluorescence to analyze the expression of one of the
protease inhibitors identified, tissue inhibitor of matrix
metalloproteases 3 (TIMP3), and two of the proteases, a
disintegrin and metalloprotease with thrombospondin motifs-
like-5 (ADAMTSL5), and Kallikrein 8 (Klk8). We found TIMP3
expression in ORS cells with close proximity to the club fiber
in early exogen samples (Figure 3a), whereas expression was
attenuated in cells more distal from the club fiber. In late
exogen, the expression pattern of TIMP3 was similar to early
exogen (Figure 3b). However, in follicles where the club fiber
has recently shed, and a space left because of the recent
shedding can still be observed, TIMP3 expression was visibly
diminished when compared with expression surrounding
anchored club fibers (Figure 3c). Staining was most intense
around the lower club tip, in comparison with cells higher
up. Two expression patterns were observed: a weaker
granular staining pattern in the extracellular matrix and a
cytoplasmic pattern that was much more prominent in the
cells immediately surrounding the club fiber. TIMP3 was
also expressed in the companionCL of rat pelage club fibers
and human scalp follicles during telogen (Supplementary
Figure S1 online). Comparatively, in vibrissae during early
exogen, strong extracellular staining of the protease
ADAMTSL5 was observed throughout the ORS, in addition
to some weaker cytoplasmic staining around the club fiber
(Figure 3d). In late exogen, there was less noticeable
extracellular staining, and a more prominent cytoplasmic
localization of ADAMTSL5 was observed throughout the
entire ORS silo surrounding club fibers (Figure 3e). We could
not detect expression of ADAMTSL5 in human scalp follicles
during telogen (data not shown). The second protease,
Klk8 was interestingly observed within the basal, and fewer
suprabasal cells in the bulge region adjacent to the club fiber.
There were no differences observed in the localization of this
protease between early and late exogen (Supplementary
Figure S2 online).
The club fiber is securely adhered in the follicle before shedding
Before starting this work, we had hypothesized that genes
with structural roles, either cytoskeletal or junctional, may
have a role in club fiber adherence. Perhaps surprisingly, no
desmosomal components were identified as differentially
expressed between early and late exogen samples in our
analysis. However, following our original hypothesise, we
used a desmoplakin antibody to analyze desmosomal
presence in the follicle. We found desmosomes present
throughout the ORS, and in the companionCL, although levels
did not change with exogen progression (Figure 4a). In
addition, we performed transmission electron microscopy to
analyze junctional architecture in the club fiber vicinity in
more detail (Figure 4b). Many hemidesmosomes were present
on the trichilemmal keratin of the club fiber, and desmo-
somes were present within the companionCL. Cell mem-
branes were highly interdigitated, with desmosomes present
between each digit (Figure 4c). As desmosomes are present in
such high numbers in the cells surrounding the club fiber, we
assume that they have an important role in the anchorage of
the club fiber. However, given the absence of desmosomal
components in our microarray analysis, we assume that they
are not involved in the release process. Although desmo-
somal components were not identified as differentially regu-
lated with exogen, one gene encoding a junctional protein
was identified: Gap Junction beta 6, which encodes the gap
junction protein connexin 30 (Cx30). RT-PCR confirmed an
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increase in expression in late exogen compared with early
exogen. When we analyzed the expression of Cx30 within
the follicle with progressing exogen, we did not observe any
differences in its immunolocalization around the club fiber
with exogen progression. Interestingly, Cx30 was not
expressed at the cell membrane; instead, expression was
cytoplasmic (Figure 4d), suggesting that it has a role in the
cell in addition to its presence in gap junctions. Cx30 had an
opposite expression profile to TIMP3, and was notably absent
in the innermost layer surrounding the club fiber, the
companionCL. Expression was visible in the remaining ORS
(Figure 4e). Within rat pelage skin, the expression of Cx30
was similar to that in the vibrissa follicle, with expression
absent in the companionCL (data not shown).
DISCUSSION
Previously we showed that, at least in vibrissa follicles,
exogen is a progressive phase of the hair cycle, as the club
fiber is gradually loosened from its epithelial silo, terminating
with the loss of the club fiber (Higgins et al., 2009a). On the
basis of this, we have detailed a microarray transcriptional
analysis comparing club fibers and their surrounding material
at two time points before their release from the follicle: early
and late exogen. GO analysis enabled us to identify four
significant molecular functions of exogen, and we chose to
analyze one in particular: that showing an involvement of
peptidase inhibitor activity during exogen.
We identified several proteases and protease inhibitors
that varied in expression during exogen progression. The
large number detected through our transcriptional analysis
allows us to postulate that a collective and active process is
involved in progression through exogen, rather than regula-
tion through one specific protease. A diverse range of
protease inhibitors were present in early exogen, whereas
an increase in proteases was found in late exogen correlating
with a decrease in protease inhibitors. An increased number
of proteases in late exogen supports the notion that
proteolysis is involved, whether it be through regulation of
terminal differentiation or by proteolytic cleavage. We
explored the expression of the matrix metalloprotease
inhibitor TIMP3, and the proteases ADAMTSL5 and Klk8
during exogen, and found expression of TIMP3 surrounding
the club fiber decreasing upon club fiber shedding. Specific-
ally, this change in expression was in the cells adjacent to the
club fiber, whereas ADAMTSL5 showed broader expression
throughout the club fiber silo leading us to speculate that
the active retention of the club fiber before shedding is
regulated by protease inhibitors. The TIMP3-positive cells
also lacked expression of Cx30, unique from the remaining
ORS. This suggests that there are distinct functions of this cell
layer, the companionCL, which may regulate club fiber
adhesion or loss. TIMP3 is known to have roles in both
inhibition of proteolysis in the extracellular matrix and in the
regulation of apoptosis (Fata et al., 2001; Leco et al., 2001;
Bond et al., 2002; Mylona et al., 2006), suggesting that either
or both roles may be important in exogen. The extracellular
localization of TIMP3 is in context with its role in the
extracellular matrix as a protease inhibitor, whereas cyto-
plasmic expression provides circumstantial evidence for an
intracellular regulatory role for this inhibitor in exogen. Both
TIMPs and matrix metalloproteinases have been localized
within and implicated in the control of hair follicle
development and cycling on previous occasions (Kawabe
et al., 1991; Airola et al., 1998; Sharov et al, 2011). In
maintaining the balance between extracellular matrix deposi-
tion and degradation, TIMPs and matrix metalloproteinases
Table 1. Protease inhibitors and proteases differentially regulated during exogen
Gene symbol Gene title Category Fold change
Protease inhibitors
Fetub Fetuin beta Cysteine protease inhibitor 4
Expi Extracellular peptidase inhibitor Serine-type peptidase inhibitor 3.2
Cst3 Cystatin 3 Cysteine protease inhibitor 2.1
Serpinb11 Serine peptidase inhibitor b11 Serine (or cysteine) protease inhibitor 2.1
Timp3 Tissue inhibitor of metalloprotease 3 Matrix metalloproteinase inhibitor 3
Wfdc3 WAP four disulfide core domain 3 Serine-type peptidase inhibitor 3.3
Proteases
Pcsk5 Proprotein convertase subtilisin/kexin type 5 Serine-type peptidase 4.8
CFI Complement factor I Serine protease 4.4
Prss22 Tryptase epsilon Serine protease 2.6
Adam8 A disintegrin and metalloprotease domain containing protein 8 Metalloprotease 2.5
Klk8 Kallikrein 8 Serine protease 2.4
Adamtsl5 A disintegrin and metalloproteinase with thrombospondin motifs-like-5 Metallo-like protease 2
Mmp12 Matrix metalloprotease 12 Metalloprotease 2.3
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have been assigned roles in tissue remodeling, enabling
progression of the follicle through its different cycle phases.
Previously, another protease inhibitor, plasminogen
activator inhibitor 2 (PAI-2), was localized to the compan-
ionCL in both mouse and human follicles, leading to specula-
tion that the last step before club fiber release is proteolytic
(Lavker et al., 1998; Jensen et al., 2000). Our results showing
the protease inhibitor TIMP3 surrounding club fibers in both
rat and human follicles are consistent with this hypothesis
implicating protease inhibitors as possible mediators of
club fiber retention. These authors proposed two theories
a
d e
b c
Figure 3. Protease inhibitor and protease expression in exogen. (a) In early
exogen vibrissae, TIMP3 staining is visible in three to four layers of outer root
sheath (ORS) cells with close proximity to the club fiber, with the attenuation
of expression in cells more distal from the fiber. (b) Vibrissa follicles with late
exogen club fibers show a TIMP3 expression pattern similar to that seen
surrounding early exogen club fibers, albeit with a slight reduction in
expression. (c) In follicles, where the club fiber is recently shed, and the hole
remaining after club loss is still visible, TIMP3 expression is decreased
compared with the expression visible surrounding anchored club fibers.
(d) ADAMTSL5 expression in early exogen is visible both within the
cytoplasm and within the extracellular matrix. Extracellular matrix
localization is observed throughout the ORS, whereas cytoplasmic staining is
visible in the cells adjacent to the club fiber. (e) In late exogen, ADAMTSL5
extracellular matrix staining is relatively weaker than in early exogen.
Comparatively, cytoplasmic staining is more pronounced throughout the
ORS. (a–e) Bar¼ 100mm.
tk
a
b
c
d e
Figure 4. Junctional markers during exogen. (a) Desmoplakin was present
throughout the outer root sheath (ORS) of anagen vibrissae follicles.
(b) Electron microscopy indicates that there are numerous desmosomes where
the trichilemmal keratin (tk) is extending its finger-like projections into the
surrounding companionCL. (c) There are numerous interdigitations between
the trichilemmal keratin and in between cells, with desmosomes present at
every digitation providing adherence to the companionCL. (d) Connexin
30 (Cx30) was absent from the companionCL immediately surrounding club
fibers. (e) Cx30 was present throughout the remainder of the ORS in a
cytoplasmic expression pattern. (a) Bar¼ 200mm, (b) bar¼ 10mm,
(c) bar¼ 1 mm, (d) bar¼ 50 mm, and (e) bar¼ 200mm.
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regarding the role of PAI-2 in the companionCL based on its
intracellular localization. The first is that PAI-2 has a
cytoprotective role in the hair follicle, preventing apoptosis
and degradation of cellular components such as desmo-
somes, which are important in retaining the club fiber (Lavker
et al., 1998). They also suggested that PAI-2 has a role at the
club fiber attachment site inhibiting terminal differentiation
and maintaining structural flexibility between the trichilem-
mal keratin and ORS, thus preventing brittleness that would
prevent premature detachment of the club hair during
grooming (Lavker et al., 1998). We also suggest that by late
exogen, the process of terminal differentiation is necessary in
the companionCL, to help create a temporary barrier for the
brief period in which an empty silo is observed once the club
fiber has been shed. A putative role has previously been
suggested for cytoplasmic connexins in the prevention of
apoptosis (Kanczuga-Koda et al., 2005). The absence of Cx30
in the companionCL is in addition to previous observations of
TUNEL positive cells here (Tanaka et al., 1998). The presence
of TUNEL-positive cells suggests that apoptosis or a
specialized form of keratinization is occurring within the
companionCL, which would enable clean release of club
fibers in late exogen. Given the role of proteases and
proteases inhibitors within epidermal differentiation, it is
conceivable that their presence around the club fiber is
important for the process of apoptosis, or specialized
differentiation before fiber shedding. However, this process
must be regulated in order to prevent premature formation of
a cleavage plane and early detachment of the club fiber. A
disturbed protease and protease inhibitor balance has been
shown to alter differentiation processes both within the
epidermis and the hair follicle. Targeted disruption of the
lysosomal protease cathepsin-L in mice results in epidermal
thickening (Roth et al., 2000), in addition to a defect during
formation of the trichilemmal keratin layer in telogen, which
results in cyclic loss of the club fiber (Tobin et al., 2002).
Comparatively in humans, mutations of the serine protease
SPINK5 result in Netherton Syndrome (OMIM 256500),
which is characterized by impaired keratinization in the
epidermis and hair follicle, resulting in barrier defects and
fragile hair (Chavanas et al., 2000).
The overrepresentation of peptidase inhibitors during
exogen as detected with the GO analysis, the inversely
correlated trend of protease inhibitors and proteases through
exogen, and the localized expression of protease inhibitors
surrounding the club fiber allow us to postulate that protease
inhibition functions to withhold the final physical shedding of
the club fiber. We propose that the final shedding event takes
place by cleavage between the companionCL and the
adjacent trichilemmal keratin of the club fiber, releasing a
‘‘clean’’ club fiber. Whether terminal differentiation of the
companionCL is a prerequisite for proteolytic release, similar
to the cascade of proteolysis in epidermal differentiation, or
whether a signal for club fiber release, which results in the
breakdown of cell contacts, is independent of the differentia-
tion state of this region remains unknown. Few genes with a
role in signaling were identified in this analysis, and we chose
to focus on collective changes in this study. However, we did
find differential expression of genes such as prolactin
receptor, which is expressed in the companionCL and
has been implicated in aspects of hair cycle control
(Foitzik et al., 2003), providing circumstantial evidence that
signaling may be regulated within this layer that mediates
exogen.
In humans, club fibers can be retained for several months
depending on their location, and it cannot be reliably
predicted when they will be shed. Interestingly, we observed
expression of the protease inhibitor TIMP3 surrounding
human scalp club fibers, but not the protease ADAMTSL5.
The human club fibers that we analyzed could have been at
any stage before shedding; however, the absence of proteases
might indicate that they were in early exogen. The expression
of protease inhibitors surrounding human club fibers reiter-
ates that protease inhibition is the likely rate-limiting step
in the exogen process, which may be of significance
when investigating therapeutic targets to control exogen
progression in humans. More insight into the mechanisms of
retention and the triggers for club fiber release are funda-
mental new areas for hair research.
MATERIALS AND METHODS
All rats used in this study were housed in the Durham University
animal facility in accordance with UK Home Office guidelines. Human
scalp samples were obtained as discarded tissues with informed
consent in accordance with Declaration of Helsinki Principles.
Microarray analysis
Follicles were dissected from the mystacial pads of 5-month-old
male PVG rats, and then classified according to their cycle phase as
described by Young and Oliver (1976). Follicles in early and late
anagen were selected for microdissection, containing exogen club
fibers in early exogen and late exogen silos, respectively. Follicles
were cut transversely at the nerve entry point and through the center
of the ringwulst using a scalpel, and the sections in between were
transferred to a droplet of phosphate-buffered saline (PBS; Figure 1a).
Using a needle and watchmaker forceps, the capsule was dissected
open, and ORS-containing club fiber tips were transferred to
denaturation solution (Ambion, Warrington, UK). Three replicate
samples of each time point, early exogen and late exogen, were
created, with follicles from three rats used for each replicate.
Samples were homogenized, and RNA extracted using the Totally
RNA Kit from Ambion. Briefly, RNA was amplified and hybridized
onto gene chips (Affymetrix Rat 230-2.0, Affymetrix, Santa Clara,
CA) using Affymetrix reagents and protocols. Data output from the
microarray analysis was analyzed using two commercially available
software packages, GeneTraffic (Iobion Informatics, La Jolla, CA)
and GeneSpring 7.0 (Agilent, Santa Clara, CA). Data were normal-
ized and then the median intensity of early exogen samples was
set as the baseline, against which late exogen samples were
compared. Parametric tests with the P-cutoff value set to 0.05
were used to determine significant differential expression. Probe
sets were selected if their expression was 2-fold higher or lower than
the baseline to generate lists of differentially expressed transcripts
between early and late exogen. We used Babelomics 4, a web-based
gene expression and functional analysis profiling suite, to parse out
enriched GO terms within our analysis.
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Semi-quantitative RT-PCR
Reverse transcription was carried out using Oligo DT and Superscript
II (Invitrogen, Paisley, UK) according to the manufacturer’s instruc-
tions. For PCR, primers were designed spanning an intron, using
complementary DNA sequences obtained from the NCBI (Supple-
mentary Table S2 online). PCR was performed on a Biometra
(Go¨ttingen, Germany) thermal cycler, comprising 0.2 mM dNTPs,
1–2 mM MgCl2, 0.5 mM F/R primers, and 1 U Taq. Complementary
DNAs from early and late exogen time points were equalized using
glyceraldehyde 3-phosphate dehydrogenase primers as an internal
control. PCR products were taken at 25 and 35 cycles, run on a
2% agarose gel, and photographed on a Bio-Rad Gel Doc System
(Bio-Rad, Richmond, CA).
Immunofluorescent staining
Frozen sections of vibrissae, pelage follicles, or human scalp, of size
7mm, were fixed with acetone (TIMP3, Klk8) or acetone:methanol
(ADAMTSL5) at 20 1C for 10 minutes, or air-dried with no fixation
(Cx30, Desmoplakin). Sections were washed in PBS, blocked in
5% goat serum in PBS for 30 minutes, and then incubated with
primary antibodies diluted in PBS (mouse monoclonal anti-TIMP3,
used on rat, 1/50, Novacastra, Newcastle, UK; rabbit polyclonal
anti-TIMP3, used on human, 1/100, Abcam, Cambridge, UK;
chicken polyclonal anti-ADAMTSL5, 1/100, LSBio, Seattle, WA;
rabbit polyclonal anti-Klk8, 1/200, Pierce, Rockford, IL; (rabbit
polyclonal anti-Cx30, 1/200, Zymed, San Francisco, CA; and mouse
monoclonal II-5F against Desmoplakin, 1/3, a kind gift from D.
Garrod), overnight at 4 1C. After washing in PBS, secondary
antibodies were diluted in PBS and applied for 1 hour at room
temperature (Goat anti-mouse 488, Goat anti-chicken 488, Goat
anti-rabbit 488, all 1/500, Molecular Probes, Paisley, UK). Cover-
slips were mounted using Vectorshield with propidium iodide and
slides were visualized on a Zeiss Axio Imager (Carl Zeiss, Welwyn
Garden City, UK).
Transmission electron microscopy
Vibrissae with early and late exogen club fibers were dissected from
the mystacial pad of PVG rats, and placed in Karnovsky fixative for
1 hour at room temperature. Post-fix was in 1% osmium tetroxide
buffered in 0.2 M sodium phosphate buffer, pH 7.4, for 1 hour.
Follicles were dehydrated through ethanols and then immersed in a
50:50 mix of 100% alcohol and propylene oxide, followed by
a 100% solution of propylene oxide. Follicles were then placed in a
50:50 araldite resin:propylene oxide mix overnight before being
switched to fresh resin for 30 minutes. They were embedded in
araldite, and left to polymerize for 48 hours at 60 1C. Ultrathin sections
were cut using a diamond knife and placed on formvar-coated 200-
mesh grids. Images were taken on Philips 400T Transmission electron
microscope (Philips, Zurich, Switzerland) onto Kodak film.
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